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I. GEOLOGY. 

H. W. TURNER. 

The copper deposits described in this paper are situated in 
Plumas County, California, on the west slope of the east range 
of the Sierra Nevada to the northeast of Indian Valley and are 
embraced in the claims of the Engels Copper Mining Company. 
The nearest railroad point is Keddie on the Western Pacific 
R. R., about thirty miles distant by wagon road. The location 
is shown on the accompanying sketch map (Fig. 9o). 

The general geology of the region is described in Bulletin 353 
of the U.S. Geological Survey by J. S. Diller, which, comains 
two geological maps. 

In that portion of the district northeast of Indian Valley, with 
which we have to do, the prevailing rock is granitic in character 
and is designated granodiorite by Diller, for mapping purposes, 
although in the neighborhood of the mines all the dioritic rocks 
are basic and 'contain but little free quartz, as will appear in the 
detailed descriptions of Professor Rogers. This dioritic rock is 
intrusive in Jura-Trias and Carboniferous sediments and asso- 
ciated meta-andesites and meta-rhyolites, but all the ore bodies 
referred to in this paper are in the dioritic series. 

The copper deposits of the main Engels mine occur in a fresh 
massive dioritic rock in which most of the fractures, except 
those referred to under pegrnatites, are distinctly post-mineral. 
The most abundant metallic minerals are magnetite, bornite and 
chalcopyrite: ' Pyrite is conspicuously absent. These metallic 

• Publ, ished b•r 'permission of Mr. E. H. Nutter of the Minerals Separation 
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oxides and sulphides appear to me to have crystallized out from 
the original magma in the same way as the feldspar, hornblende, 
pyroxene and biotite. All appear to be of the same general period 
of formation although the metallic oxides and sulphides are 
largely interstitial between the silicate minerals and thus later in 
crystallizing out. In some sections, however, there are distinct 
inclusions of magnetite and copper sulphides in the silicate min- 
erals, suggesting that these metallic grains formed before the 
enclosing silicate minerals. The evidence presented by Professor 
Rogers that the sulphide solutions have corroded and replaced 
the silicate minerals, while showing the sulphides to be later, does 
not appear to me to necessitate a time interval of any mangitude, 
for as soon as a phenocryst is formed in a given magma, it is at 
once exposed to corrosion and replacement by the magma itself, 
and the fact that most of the metallic minerals are interstitial 

between the grains of the silicate minerals is in itself no more 
evidence of the introduction of the metallic minerals at a much 

later p.eriod than is the case with interstitial quartz in quartz- 
diorites and granodiorites. I.n these granular rocks' the quartz 
often fills the spaces between the more or less idiomorphic feld- 
spar and hornblende• and is plainly later and yet the quartz is 
regarded as a constituent of the original magma and in that sense 
an original mineral. 

In the case of the Engels deposits, there has been no dynamo- 
metamorphism and no hydro-thermal metamorphism. The con- 
stituents of the fresh diorite show no evidence of crushing and 
recrysta. llization but the larger part of the metallic constituents 
are later than the silicates and must have been a part of the 
original magma, or else introduced in solutions which only cor- 
roded the original silicates and did not produce sericitization, 
carbonatization, silicification, etc., of the diorite, as would be the 
case if: f9rmed by ordinary hydro-thermal aqueous solutions. 

Th e massive diorite which forms the gangue of the copper ore 
is best seen in tunnel No. 5, a plan of which is here presented on 
which those portions of the diorite containing 2 per cent. or more 
of copper are represented as ore (Fig. 9x). Nearly all the rock 
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of the workings in-this level was sampled. and-only4wo-samples 
showed no copper. The ore of commercial value contains about 
75 cents per ton in gold and silver. 

The portions of the mass that are represented as ore form more 
or less irregular areas which nevertheless seem generally to have 

I 

P L U M AS '•, I 
c o •T v 

:rsncisco 

SCALE OF MILE8 

Fro. 90. Sketch Map of North Central California, showing the 
Location of the Engels Mine. 

a northeasterly trend and to extend down vertically. This is 
very noticeable with the main ore body of No. 5 tunnel which is 
about 550 feet long, 25 feet wide (Fig. 9I) and stands in a 
nearly vertical position as will be seen in the cross section of the 
mine (Fig. 92) 
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On the map there is noted a strong fault. This stands nearly 
vertical, and the rocks to the southwest of this fault are more or 
less fissured and broken and altered by downward percolating 
surface waters, while the rocks and ores of the area to the north- 
east are essentially fresh and unoxidized. There is no megascopic 
evidence of the deposition of secondary sulphide ores along this 
fault or any other similar. fractures in other workings. The 
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....... (2• or more) 

ECALE OF FEET 

'" M•in 

ore-body . 

FIG. 92. Vertical Cross-section through Ore-Bodies at the Raise (along line 
,/lB of Fig. 9I), Engels Mine. 

diorite of the area to the northeast is hard and dense. ];t varies 

in grain from medium to fine grained and the larger part of the 
commercial ore is in the fine grained rock. At a few points there 
is a fairly sharp contact between the medium'and fine grained 
diorite; at other points a gradation between the. two, but at no 
point was there a dike of one variety in the other and the conclu- 
sion was drawn that they are both of the same age of consolida- 
tion and from the same magma. The only distinctly later rock 
or ore is the pegmatitic material hereafter noted, except the prod- 
ucts of surface oxidation. The rocks and ores which were sub- 

mitted to Professor Rogers for a detailed study came mostly 
from the unoxidized area in No. 2 and No. 5 tunnels and the 
numbers shown on the map correspond to the numbers given in 
his paper. 
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All petrographers recognize that metallic oxides and sulphides 
do occur as original constituents of .igneous rocks, but when these 
metallic constituents appear in abnormal amount, and especially 
when there is evidence of the dynamo-metamorphism of the 
associated igneous rocks, some geologists hold that the ores were 
introduced later and by aqueous solutions. Nevertheless, the 
constant association of chrome iron ore and platinum with olivine 
rocks, of titaniferous magnetite with gabbros, etc., and certain 
nickel and copper sulphide ores with various basic igneous rocks, 
appear to point indubitably to a genetic connection between the 
rocks and associated ores, even if these deposits have been sub- 
sequently modified or recrystallized. 

That rock magmas differentiate into siliceous and basic facies 
is considered .proven by all i)etrographers, and, in fact where a 
deep seated magma is subsequently well exposed so that it can be 
studied over a wide zone, the variability of the samples collected 
at different points as to their mineral constituents is now a matter 
of common knowledge to all geologists. Some portions will be 
more basic and contain more of the iron and magnesia-bearing 
silicates and more of the metallic components, both oxides and 
sulphides, than others. We find a gabbro passing by loss of 
feldspar into a rock composed wholly of pyroxene or hornblende 
and accessory minerals and no one questions differentiations of 
this sort, but if the metallic constituents should separate and form 
ore masses, especially if these be sulphides, we become, so it 
seems to me, undtily skeptical. There seems to be a tendency to 
become alarmed at the conception of a sulphide solution forming 
part of a magma, since most sulphides are undoubtedly formed 
from aqueous solutions. An interesting example (but doubtfully 
bearing on this question) of the formation of a deposit of a 
sulphide of copper from an igneous solution or matte was noted 
at the blast furnace of the Kyshtim copper mines in Russia in 
I9II. The bricks forming a part of the settler of one of the 
furnaces were taken out and found to be heavily impregnated 
with newly formed yellow sulphide, apparently chalcopyrite, 
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which had separated out from the matte. x It is a matter of regret 
that the exact conditions under which this new ore deposit took 
place were not noted. Specimens of these bricks are in the 
Kyshtim geological collection. 

To what extent the phenomena of the artificial molten magmas 
of smelters apply to molten magmas of the earth's interior is, to 
be sure, as yet an open question. Nevertheless, 'the following 
explanation of the method of formation of the Sudbury pyr- 
rhotite copper-nickel-ore deposits by Professor Reginald E. Hore • 
deserves consideration in this connection. 

"So far as known molten silicates are miscible in all proportions. 
Molten sulphides, however, will not mix in all proportions with molten 
silicates. One cannot state off hand, therefore, whether the cooling 
magma would behave as one or two or more solutions. From a con- 
sideration of the end products.---the noritc and ore bodies--it seems to 
the writer that before solidification took place, the magma, with de- 
crease in temperature, had separated very imperfectly into two solu- 
tions. One of these was composed chiefly of the constituents of the 
silicates and the other .chiefly of the constituents of the sulphides. Each 
solution contained a comparatively small portion of the constituents of 
the other. The sulphide being heavier sank to the bottom. The process 
would be much like the separation of matte from slag with the very 
essential difference that none of the furnace man's precautions to effect 
a clean separation were taken .... Thus the silicate solution was 
saturated with sulphides and on cooling below the temperature beginning 
the freezing interval, it is probable that the sulphides would be among 
the first formed minerals. If in the silicate solution there were any 
bodies of the sulphide solution there would doubtless be a change in the 
composition of the solutions in contact. After the main mass of the 
silicate solution became solid, there would on further cooling be a second 
deposition of sulphide from the included solutions. We would expect as 
a result of such processes to find, and we do find, large masses of noritc 
specked with grains of early formed sulphides and with occasional 
patches of later formed sulphides, and from the sulphide solution massive 
ore with early formed silicates in it." 

Professor Hore, however, regards some of the Sudbury de- 
posits as secondary, having formed from the original primary 
deposits, especially where crushing and faulting has occurred. 

x The sulphides in a copper matte are usually. supposed to be Cu,S and FeS. 
2 Quarterly Bull., Canadian Mining Institute, No. 2x, pp. 8648, x9x3. 
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Professor Beck's latest expression in regard to magmatic sul- 
phide ores is as follows :• 

"The problem of the sulphides in the gabbros, norites and diabases was 
more difficult. He who is familiar with the literature on the important 
deposit of Sudbury as well as that on the small occurrences at Sohland, 
on the Spree and Schluckenau, knows how difficult it was for geology to 
arrive at a generally accepted genetic .conception of these ores. The 
microscope has shown that the old view of the .magmatic nature of these 
ores applies to the extent that a part of the existing nickeliferous 
pyrrhotite and chalcopyrite actually must have'segregated direct from 
the molten magma; and in case of the great Canadian deposits this was 
by far the greater part. On the other hand, thin sections show that 
probably a thermal solution and redeposition of finely divided ore 
particles took place, giving rise to the formation of compact secondary 
masses of ore. A metamorphism of the rock preceded this redeposition, 
so that the secondary green hornblende, which is attached to the 
pyroxenes in delicate fringes, is in turn'surrounded by pyrrhotite. The 
nickel content of the pyrrhotite is now also explained." 

Pegmatite.--Returning now to the Engels deposit, after the 
solidifying of the diorite magma, numerous, nearly straight, but 
non-persistent, cracks or fissures formed and the residual solu- 
tions of the magma filled the fissures with feldspar, quartz, 
chlorite, epidote, calcite and chalcopyrite, all apparently original, 
forming narrow veins from one to eight inches in width. These 
little veins are therefore distinctly later than the main deposit 
and may be regarded as belonging to the pneumatolytic period, 
in the same sense as do the granitic pegmatites. 

Post-Mineral Fractures.--Almost everywhere the diorite mass 
contains numerous joint planes of which a nearly horizontal and 
a nearly vertical set are most prominent. These have been taken 
advantage of in driving, so that a horizontal joint often forms 
th• roof of a portion of a drift and vertical joint planes, the walls. 
There are also inclined partings or joints. So far as examined, 
the joint seams do not contain sulphides and if this is substan- 
tiated, it is evident they were formed after the period of min- 
eralization, which would be evidence of the magmatic origin of 

x Address before the Royal School of Mines, Freiburg, October 3, x9II. 
Translation from E. and M. Journal, May 3•, •9•3. 
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the deposit, as they were certainly formed after the consolidation 
of the magma, and presumably formed after the pegmatite. 

.Other post-mineral stresses are apparently of comparatively 
recent date resulting in the formation of faults and a broken zone 
in •t portion of the mine. 

Outside of the plainly post-mineral faulted zone there are no 
strong, persistent fissures or crushed zones with accompanying 
gouge streaks and striations such .as are essential in deposits 
formed by ordinary hydrothermal waters for the waters must 
have avenues through which to circulate. The strongest fissure 
in the mine, outside of the post-mineral faulted zone previously 
referred to, extends along the south side of the main ore •body 
from station I3 to the face a distance of about 240 feet. There 
is water dripping from this fissure which shows only traces of 
gouge and is a rough fissure along which but little movement has 
taken place. There are also some less persistent fissures at other 
points, in one or two cases with good ore along them, but mostly 
cutting obliquely across the general strike of the ore zones, sug- 
gesting their later origin. 

In the decomposed diorite of No. 2 and No. 3 tunnels there are 
however clay seams showing evidence of movement in distinct 
slickensides. These movements were presumably in part due to 
the swelling of the rocks from absorption of water in the same 
way that similar movements take place in clay and serpentine, 
although in the upper tunnels the striated clay fissures probably 
followed cracks of earlier origin. 

The only fissures in the diorite that are certainly connected 
with miner•dization are those filled with pegrnatitic material. 
These usually persist so far as can be told in the underground 
workings for a short distance only--less than .5 o feet. 

Oxidation and Secondary Ores.--There is shown on the cross 
section of the mine (Fig. 92) a zone of oxidation. In reality 
.the oxidation is very irregular, and many of the compact pieces 
of diorite in this zone will if broken show fresh original sulphides 
in their inner portions. At and near the surface, and at the frac- 
tured zones near the faults above described, many of the frac- 
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tures and joint planes in the diorite contain seams of green 
copper silicate (chrysocolla) plainly of secondary origin and the 
rotten diorite itself is more or less impregnated with green sec- 
ondary copper ore. Moreover in No. 3 tunnel, there is a large 

ß 

amount of rotten diorite showing no visible copper minerals, but 
which on assay often is proved to contain over I per cent. of 
copper. It seems likely that the copper occurs in such rotten 
diorite as sooty glance or covellite, which in small amount can- 
not be determined except chemically and this has not been done. 
There is, 'however,' no definite secondary sulphide zone of en- 
richment, unless the I per cent. ore ju. st noted is regarded as a 
zone of enrichment. The unoxidized ore is compact, and not 
having been fractured or crushed except locally, the surface 
waters have not to any extent percolated downward except along 
occasional fractures and the seeping downward of surface waters 
is an essential feature in secondary enrichment. Moreover the 
absence of pyrite is another factor in the preservation of sulphide 
ore in its original condition, for chalcopyrite and bornite decom- 
pose and form soluble sulphates much less readily than pyrite, 
and the percolating surface waters that bring about secondary 
enrichment get their solvent power largely from the sulphuric 
acid derived frqm sulphates. 

Conclusions.--In nearly all mines of the ordinary vein char- 
acter, when the country rock is massive granite or diorite, the 
following succession may be assumed' 

I.. Consolidation of the magma, usually succeeded by tension 
cracks often filled by the residual magma forming pegmatite 
dikes or veins. 

2. Jointing of rocks. 
3. Fracturing and fissuring, the general course of the fissures 

often being guided by the pre-existing joints. 
4. Introduction of the epigenetic vein deposits through min- 

eral bearing solutions, with accompanying hydrothermal altera- 
tion of the wall rocks, producing silicification, sericitization, 
carbonatization, etc. These solutions fill the fissures with gangue 
minerals and ores and to some extent the joint planes and im- 
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pregnate the walls of the fissures to a greater or less extent, in 
most cases depositing pyrite. 

This program does not appear to have been effective in the 
geological history of this deposit. In the Engels deposit we ap- 
pear to have the following: 

•. Consolidation of the diorite, accompanied by the deposition 
of copper minerals. This is the magmatic period. 

2. Filling of tension cracks or fissures in the diorite by pneu- 
matolytic solutions forming pegmatite. 

3• Jointing of the rocks. 
4- Extensive faulting and fracturing in one zone. 
5. Surface oxidation resulting in the deposition of chrysocolla, 

and possibly earthy glance or covellite. 
There may be further noted in the fresh ore: 
•. No hydrothermal metamorphism. 
2. No dynamo-metamorphism. 
3. No contact-metamorphism, as the older rocks in which the 

diorite is intrusive, are nearly five miles away at the nearest point. 
Superior Mine.raThe Superior Mine,' belonging to the Engels 

Copper Mining Company, is situated about three miles south- 
west of the main Engels mine. It is likewise in a granitic rock, 
but here the copper minerals, instead of being diffused through 
the rock irregularly, are chiefly deposited along joint planes, and 
appear' more like veins. The ore is bornite and chalcopyrite in a 
gangue of a green fibrous hornblende resembling actinolite, and 
the copper sulphides and the hornblende appear to have deposited 
together 'in the joint seams of the granitic rock. The ores are, 
therefore, distinctly later than the country rock, but it is possible 
that they belong to the same period as the pegmatite (pneuma- 
tolytic) ore bearing veinlets of the Upper Engels mine. In the 
tunnel by Lights Creek in Superior No. • claim, the joint seams 
are coated with pyrite, and this is the only place on the property 
where pyrite was observed. This pyrite is plainly due to aqueous 
solutions. 

œxtent in Depth.mAssuming the magmatic origin of the 
Engels ore, the interesting question comes up as to its probable 
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extent in depth. There appears to be no geological reason why 
ore bodies of this nature should not extend to a considerable 

depth, not necessarily as a single ore body, but possibly as isolated 
bunches or lenses. 

Little Namaqualand.--In Cape Colony, in Little Namaqua- 
land, there are a number of mines working on ores similar to 
those of the Upper Engels mine and some comparison may there- 
fore be made. In general the Namaqualand formation is gneiss, 
penetrated by a series of basic dikes which contain bornitc and 
chalcopyrite, as well as some pyrrhotite and molybdenite and a 
little chalcocite. These deposits have been examined by English 
and German geologists, who state the copper minerals are pri- 
mary and of magmatic origin. The commercial ore bodies are in 
general irregular, and give out in all directions, although being 
of the nature of dykes they have .taken together a more or less 
definite trend or "run." 

Kuntz represents the Tweefontein Mine as showing in ver- 
tical section three ore bodies, the deepest reaching to about 86o 
feet from the surface. Not having the usual-fissures of ordinary 
veins for 'a guide, in some of the mines exploitation work has 
been very irregular •and 'considerable work has been done that 
revealed no deposits of value. 

Only partial statistics of the production of Namaqualand have 
been obtained. In the years I852-1862, i883-I9o4 and the 
year •9o7-8 of O'okiep Mine, the. total production amounted to 
•,o69;7o4 long tons of dressed ore 'averaging 20.2 per cent. cop- 
per and thus containir/g' gross 2•6,95 o long •ons of metallic 
copper. 

In addition'the Namaqua'C0pper Company for the year •9•2 
reports a production of 42,84I tons of ore raised at the Twee- 
fontein and an ore reserve of 99,598 tons. 

Professor A. W. Rogers, Director of the Geological Survey of 
the Union of South Africa, has in press a report on the Nama- 
qualand copper ores. 

After this description was written, there appeared in Eco- 
No•Ic Gv. oLoG¾, June, •9•3, two papers on magmatic sulphide 
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ores; one by Knopf on a pyrrhotite deposit at Elkhorn, Mon- 
tana, and one by Bagg on a pyrrhotite ore body in Wisconsin. 
In both cases the authors regard the ores as due to direct segre- 
gation from the magmas and not to introduced solutions. 

II. MINERALOGY AND PETROGRAPHY. 

AUSTIN F. ROGERS. 

A suite of about thirty copper ores and associated rocks col- 
lected by Mr. H. W. Turner at the Engels mine in Plumas 
County, California, was submitted to the writer for detailed 
study. x As this proved to be a magmatic sulphide deposit with 
evidence of later sulphide enrichment by ascending alkaline solu- 
tions, the results of the examination are described in some detail. 

The writer desires to express his thanks to Mr. H. W. Turner 
for an opportunity to study the specimens from the Engels Mine, 
to Mr. G. W. Jordan for the chemical analyses, and to Prof. C. 
F. Tolman, Jr., for valuable suggestions. 

THE ROCK TYPES. 

'Norite-diorite.--The copper minerals occur for the most-part 
in minute specks in a rather basic igneous rock which may be 
designated norite-diorite as both hypersthene and hornblende are 
usually present and as the plagioclase is AbxAnx. The silica per- 
centage of about 46 per cent. (No. 2, SiO2: 45.5 per cent.; 
No. I6, SiO2 = 45.9 per cent.) proves it to be rather basic. 

The rock specimens show considerable variation in mineral 
constituents and in coarseness of grain. With a few exceptional 
types to be described later the rocks vary from a rather fine- 
grained (-5 mm.) plagioclase-hypersthene rock (Fig. 93) to a 
coarse-grained (2 mm.) plagioclase-hornblende rock (Fig. 94)- 
The dominant mineral in most of the rocks is a plagioclase with 
albite twinning. The maximum extinction angle of 28 ø in sec- 
tions cut normal to the albite twin-lamell•e indicates andesine- 

x Through the kindness of Mr. Turner these specimen, s are d•posited in the 
geological collections of Stanford University. 
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labradorire, AbxAn•. The plagioclase shows no zonal structure, 
but one slide (no. x5, Fig. 95) shows secondary enlargement of 
narrow rims which extinguish parallel to the set of narrow twin- 
lamell•e. 

93. Hypersthene-plagioclase rock (No. x6), X 50. /--plagioclase, 
hy -- hypersthene, b • biotite. 

The hypersthene occurs in anhedra with faint pleochroism 
from pale-greenish to pale reddish-brown. The hornblende is a 
pale green variety with maximum extinction angle of 2o ø 



•4 M•4GM•4TIC COPPER SULPHIDE DEPOSIT. $75 

and occurs in large irregular anhedra. Some oœ the slides show 
a colorless monoclinic pyroxene, probably diopside, with a maxi- 
mum extinction angle oœ about 45 ø. The diopside usually occurs 

hO 

Fxc. 94. Hornblende-plagioclase, rock (No. 2), X 50. /•plagioclase, 
ho --' hornblende. i i I 

as cores within the hornblende. ,Biotite is prominent in some of 
the rocks, while in others its place is apparently taken by chlorite. 

The accessory minerals include apatite, epidote, titanitc, calcite, 
analcite, and interstitial quartz. The calcite and analcite both 
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Fro. 95. Plagioclase, showing secondary enlargement (No. •5). 

d8 

Fro. 96. Diopside (d) and hornblende (ho) (No. x), X 5o. 
p '•- plagioclase, m --- magnetite. 
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seem to be original constituents, at least they are not alteration 
products of any minerals present in the slide. Tourmaline is 
present in one rock (no. I2). The ore minerals occur mostly 
between the silicate minerals (Fig. 93) and careful study proves 
that they are later and have replaced the silicate minerals. (See 
Figs. IO8-I •o.) 

An interesting petrographic feature, aside from the occurrence 
of the ores, is that often the hornblende occurs on the border of 

Fro. 97. Diopside (d) and hornblende (ho) (No. x3). p=plagio- 
clase, hy • hypersthene, m = magnetite. 

the diopside, not as an intergrowth or ordinary alteration prod- 
uct, yet formed at the expense of the diopside. Figs. 96 and 
97 illustrate these hornblende areas (ho) with cores of diopside 
(d•, d2, da), different parts of which extinguish together. The 
plagioclase (p, p, p2) also seems to have been replaced by the 
hornblende. The evidence suggests that the hornblende-plagio- 
clase rock (diorite) was formed from a diopside-plagioclase rock 
(gabbro) perhaps by magmatic gases. The change of diopside 
to hornblende seems to have been accompanied by the introduc- 



376 H. W. TURNER AND .4. F. ROGERS. 

tion of interstitial quartz, for of seven rocks containing quartz 
all but one contain hornblende. Four slides with diopside also 
have hornblende, while hypersthene often occurs without horn- 
blende. The magmatic alteration of pyroxene to amphibole has 
been described by Becke, • Duparc, 2 and de Lapparent. a The 
frequent occurrence of hornblende in gabbros may perhaps be 
explained by the magmatic alteration of pyroxene to hornblende. 

Several alteration products of the silicates were found and 
while they are not usually prominent they probably mark im- 
portant stages in the history of the ore-deposit. They will be 
discussed later. 

Grano-diorite.--One of the fine-grained rocks (no. x x) is 
decidedly more acid than the others. It consists essentially of 
plagioclase, microcline, quartz, and biotite with subordinate 
amounts of apatite, titanite, epidote, chlorite, calcite, analcite, and 
ore-minerals. The minerals are all fresh with very little altera- 
tion (slight sericitization of the feldspars and slight chloritiza- 
tion of the biotite). The plagioclase is andesine, about Ab2Anx, 
as determined by the maximum extinction of x5 ø in sections 
normal to the albite twin-!amell•e. The microcline occurs i,n 
comparatively small anhedra and was formed later than the 
plagioclase. The quartz is interstitial and also occurs with feld- 
spar in myrmekiti½ intergrowths. Calcite and analcite, ap- 
parently original constituents of the rock, are among the last 
minerals to form. 

Biotite-rich Grano-diorite.--Several of the rocks (no. x2, no. 
z5 and no. 4o) are like no. z • but contain a good deal of biotite 
or chlorite, which is an alteration product of the biotite. The 
presence of biotite (or chlorite) seems to favor the development 
of the primary ore minerals. Tourmaline occurs in no. •2 in 
aggregates of blue and brown subhedral crystals. 

These grano-diorites are evidently differentiation products of 
the norite-diorite. 

x Tschermak's "Min. u. Petr. Mitth.," Vol. •6, p. 327. 
2 Bull. jr..wc. Min., Vol. 3•, p. 50, •9IO. 
3 Bull. jr..wc. Min., Vol. 33, p. 254, •9o8. 



MAGMA TIC COPPER SULPHIDE DEPOSIT. 377 

Pegmatite.--The pegmatites (no. 3) are narrow (one to two 
inches in width) veins consisting mainly of albite (maximum 
extinction angle of •9 ø in albite twins) and quartz. The albite 
is not lamellar like the albite of most granite-pegrnatites. The 
quartz occurs in part as graphic intergrowth with p!agioclase. 
Calcite, analcite, and chlorite are present, not as alteration prod- 
ucts of any minerals present in the slides, but as pneumatolytic or 
hydrothermal minerals, formed at a late stage. Epidote occurs 
in small anhedra closely associated with the ore minerals. The 
ore minerals, chalcopyrite and bornitc, occur in vein-like arrange- 
ment unlike the disseminated specks of ore in the main rock. The 
bornitc is sometimes bordered by a secondary rim of chalcocite, 

PRIMARY ORE MINERALS. 

There are six opaque minerals in the ores from the Engels 
mine, viz., magnetite, hematite, chalcopyrite, bornire, covellite, 
and chalcocite. Of these the first four are primary a and the 

•last two secondary? The absence of pyrite from the ores and 
rocks is a remarkable feature of this ore-deposit. 

Magnetite is present in all the specimens except the pegrnatite 
(no. 3)- It has a rough surface and occurs in both subhedral 
crystals and in anhedra. The subhedral crystals occur within 
the silicate minerals and the anhedra occur for the most part 
around the silicates. 

Hematite occurs in anhedra with rather smooth surfaces show- 

ing faint scratches. After dissolving the non-magnetic concen- 
trates in nitric.acid to free from copper s. ulphides the aqua regia 
solution gives tests for iron only. Hematite and anhedral mag- 
netite are usually closely associated (Fig. xo6). 

Bornire and chalcopyrite occur in anhedra and are easily recog- 
nized by their color. They are often closely associated and are 
evidently practically simultaneous for outliers of bornite occur in 
the chalcopyrite and vice versa. 

The primary ore-minerals were undoubtedly formed later than 
most of the silicates. 

x Primary and secondary are used in a mineralogical sense. 
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SECONDARY ORE MINERALS. 

Three secondary copper minerals, viz., chalcocite, covellite, and 
chalcopyrite have been identified in polished sections. These 
three secondary minerals are clearly alteration products of born- 
ire, but not of chalcopyrite. 

Fro. 98. ¾m. mo. 

Fins. 98, 99, •oo. 
Fro. LZ). 

(No. II.) Covellite (solid black) •and ch•lcocite (stippled) 
developing from bornite (white). 
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Covellite.--In a number of specimens (nos. I I, •4, •6, •8, 24, 
and 28) the disseminated specks of bornitc are penetrated by 
deep blue acicular crystals of covellite? When examined in re- 
flected light with one nicol in the microscope tube the covellite 
shows a pseudo-pleochroism from deep blue (elongation parallel 
to the vibration plane of the nicol) to light blue (elongation per- 
pendicular to the vibration plane of the nicol). The replacement 
of bornitc by covellite is evidently along crystallographic direc- 
tions of the bornitc for the orientation of the covellite is often 

uniform in several directions over the whole area of bornitc. 

Fro. •o•. (No. •2.) Bornitc (white) altering to chalcocite (stippled). 

Sketches of the covellite replacement of bornitc are shown in 
Figs. 98, 99 and •oo. The crystals of covellite intersect at 
angles of 60 ø, 7 ø0 and 9 oø. These angles indicate respectively 
two-fold, three-fold, and four-fold directions of symmetry of 
the isometric system since bornitc is an isometric mineral. 

Chalcocite usually occurs as a rim around bornitc. It is clearly 
a metasomatic replacement of bornitc for various stages of the 
process may be traced. Fig. IO2, for example, shows a very 
narrow rim of chalcocite around the bornitc. Fig. Io• represents 

• There seems to be a strong tendency for covellite to form euhedral crys- 
tals even when replacing another mineral. Specimens from Butte, Montana, 
and from the Nevada-Douglas mine, Lyon county, Nevada, furnish good 
examples. 
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EXPLANATION OF PLATE IV. 

FIG. lO2. Bornite (white) alternating to chalcocite (No. 
Fla. Io3. So-called intergrowth of chalcocite and bornite (No. 
Fla. Io4. The develol•ment of sericite and the break-down of bornire into 

chalcocite (No. 39). 



PLATE IV. ECONOMIC GEOLOGY. VOL. IX. 

FiG. IO2. 

FiG. •o4. 
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a more advanced stage. Chalcocite was identified in specimens 
nos. 3, •, •5, 3o, and 39. A chemical analysis of chips from 
speclmcn 39 gave Mr. G. W. Jordan the following results: 

Cu ................. 43.95 
Fe .................. 5.•- 
S ................... I4.•5 

Molecular Ratios. 

o.69I 
o. io9 

o.47• 

As chalcocite is the only copper mineral with a Cu to S ratio 
greater than 5:4 (bornite =CusFeS4) this analysis is conclu- 
sive proof that the dark rim around the bornite is chalcocite. 
The analysis on recalculation proves that the chalcocite contains 
about 6 per cent. o/iron/or chalcopyrite is absent and the nitric 
acid solution used would not dissolve magnetite or hematite. 
Assuming that the sulphur has remained constant the analysis 
proves that there has been a loss of iron and gain of copper. 

The alteration of bornite to chalcocite is not always regular. 
In specimen no. I2, /or example, the chalcocite is irregularly 
disposed with re/erence to the bornite and occasionally there is 
what seems to be a graphic intergrowth of bornite and chalcocite 
(Fig. IO3). A careful study of the polished section shows that 
this supposed intergrowth is simply a peculiar break-down of 
bornite into chalcocite for there are all stages from narrow rims 
of chalcocite to the apparent intergrowth. It is doubtful whether 
a graphic intergrowth of chalcocite and bornite really exists. 
Fig. IO4 from specimen no. 39 shows the breaking down of 
bornite into chalcocite along crystallographic directions. In Fig. 
23 of Graton and Murdoch's paper on "The Sulphides Ores of 
Copper "• crystallographic directions are also apparent. 

The covellite previously mentioned is practically always asso- 
ciated with chalcocite. Figs. 98 to Ioo show that the crystals of 
corellite are bordered by chalcocite. The chalcocite is later than 
the covellite and forms at its expense though there is evidence 
that the chalcocite may also form directly from the born/re. A 

x Bulletin ̀ 4met. Inst. Min. Eng., May, •9•3, p. 793, fig. 23. A better cut 
from the same negative is given in Lindgren's "Mineral Deposits," p. 8•4, 
fig. 
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little secondary chalcopyrite is produced in the alteration of 
bornite to covellite and chalcocite. The covellite seems to be 

responsible for the presence of chalcopyrite for it occurs along 
the acicular crystals of covellite and seems to be later than the 
covellite. 

That the mineral accompanying covellite is chalcocite is proved 
by a partial analysis of specimen no. • made by Mr. G. W. 
Jordan: 

Molecular Ratios. 

Cu ................... 3.87 o.6I 
S .................... 1.48 0.46 

Though chalcopyrite, bornire, and corellite are all present the 
high Cu to S ratio proves that chalcocite must be present. 

Specimen no. x 5 exhibits a pale blue mineral occurring as rims 
around, and as stringers in, bornite. With a high power objective 
the acicular structure of corellite is ap?arent but the pale blue 
color indicates that chalcocite is also present. A partial analysis 
of chips made by Mr. G. W. Jordan gave the following results: 

Molecular Ratios 

Cu .................. 29.67 0.46 
Fe .................. 9.12 o. 16 
S .................... 12.89 0.40 

A recalculation of this analysis indicates that both covellite and 
chaIcocite are present. The pale blue substance is probably an 
intimate mixture of covellite and chalcocite. Such mixtures 

have been described under the names digenite and carmenite. 
Professor J. D. Clark, working in the chemical laboratories of 
Stanford University has proved that covellite changes to chal- 
cocite even at ordinary temperatures. 

The alteration of bornite, then, is of two types, directly to chal- 
cocite, or to chalcocite through the intermediate stage of covellite. 

An attempt is here made to trace out the history of the Engels 
ore-deposit from the early magmatic stages to the present condi- 
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tion. The sequence of minerals is about as follows, though the 
exact position of a few minerals is in doubt. 

SEQUENCE OF MINERALS. 

I. Magnetite (euhedral) 
2. Apatite 
3. Hypersthene 
4. Diopside 
5. Plagi0clase (AbxAm) 

6. Hornblende 

7. Quartz (interstitial) 
8. •Magnetite (anhedral) 
9. lHematite 

Io. Talc (?) with secondary mag- 
netite. 

Ii. Tourmaline. 

ß 42. Chlorite 

x3., • Chalcopyrite 
I4. •Bornite ß 
x5. Epidote 

I6. Sericite 17. Covellite 
•8. Chalcopyrite (secondary) 
x9. Chalcocite 

Early Magmatic Period. 

Late Magmatic Periodß 
(Mineralizers active.) 

Hydrothermal Period. 
(Ascending sulphide enrichment.) 

The first five minerals enumerated belong to the early mag- 
matic period. They follow the normal order of crystallization of 
Rosenbusch. 

Before the norite-diorite was completely solidified the mag- 
matic alteration of diopside to hornblende took place. This was 
probably accompanied by the introduction of magnetite and 
hematite. Fig. io 5 is introduced as evidence. A narrow rim of 
hornblende occurs as a kind of reaction-rim between the ores and 
the diopside. 

The hypersthene is often altered to a gray indefinite substance 
with aggregate structure. It does not seem to be uralite or bas- 
rite, but is probably talc. Accompanying the formation of this 
substance secondary magnetite is set free which is strong pre- 
sumptive evidence that it is talc. The hypersthene free from the 
ore-minerals often shows this alteration product, while in rock 
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no. •6 the hypersthene with abundant ore-minerals shows prac- 
tically no alteration. For this reason the talc (?) is placed after 
magnetite and hematite. 

FIC. lO5. Reaction rim of hornblende (ho) around diopside (d) (No. x4), 
X 27. P -- plagioclase, h-- hematite, m-- magnetite. 

Tourmaline and chlorite apparently fall between the period of 
magnetite-hematite formation and that ot? chalcopyrite-bornite. 
In specimen no. • bornite is clearly later than tourmaline. The 
chlorite in this specimen probably belongs to the same period as 
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tourmaline and is evidently an alteration product of biotite on 
accotrot of the presence of sagenite webs of rutile. The intense 
mineralization which caused the local development of tourmaline 
probably also brought about the complete chloritization of the 
biotite in this particular specimen. A careful study of no. I2 
seems to indicate that the development of the bornite took, place 
later than the chloritization for the bornite is often developed 
along a line of rutile needles. A veinlet of chlorite in specimen 
no. •8 cuts through magnetite and hematite but is cut by bornite. 

The evidence is that chloritization preceded, but was independ- 
ent of, chalcopyrite-bornite formation for specimen no. x5 con- 
tains a large amount of unaltered biotite with very little chlorite 
yet both chalcopyrite and bornite are abundant. In specimen no. 
40 bornite has invaded a biotite-chlorite crystal in which the 
chlorite is an alteration of the biotite, yet the biotite and chlofite 
are equally affected. Chlorite is probably a pneumatolytic min- 
eral. It is an alteration product but so is the hornblende. These 
minerals are high-temperature magmatic alteration products and 
so they are assigned to the late magmatic period. 

Though a little later than the chlorite the chalcopyrite and 
bornite are to be considered magmatic minerals. They were 
formed at the very last stages of the magmatic period. They 
have been formed by a metasomatic replacement of the silicate 
minerals but this replacement does not seem to have been con- 
nected with any kind of hydrothermal alteration. The silicates, 
into which chalcopyrite and bornite penetrate, and which they 
surround, are usually entirely free from alteration. 

Epidote is considered to mark the close of the magmatic period. 
Analcite and calcite also belong here but their exact position can 
not be fixed. 

At a little later stage we have the alteration of bornite into 
chalcocite or into a mixture of chalcocite or covellite. The chal- 

cocitization and covellitization is accompanied by sericitization. 
Most of the rocks which contain sericite also contain chalcocite 

or corellite. The specimens richest in chalcocite [nos. x2, I5 
(Cu = 29.7 per cent.), and 39 (Cu = 43.9 per cent.)] contain 
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notable amounts of sericite. In the specimens mentioned sericite 
crystals penetrate into the chalcopyrite and bornite (Figs. xo4, 
xo6 and xo7). The sericite has evidently replaced the chalco- 
pyrite and bornite. As far as I know the replacement of sul- 
phides by serici.te has not been described before. Most of the 
sericite is in slender lath-shaped crystals and is not an altera- 
tion product of biotite or chlorite, for they occur in stout, thick- 
set crystals. In specimen no. x2 the feldspars have been some- 

FIG. I06. (No. 39-) Sericite (s) with bornite (white) and chalcocite 
(stippled). 

what sericitized. Where the sericite has penetrated bornite a 
rim of chalcocite or covellite has developed. This is very ap- 
parent in Fig. xo7. Strange to say, the penetration of chalco- 
pyrite by sericite has had no effect. This points clearly to the 
formation of chalcocite and covellite by a hydrothermal process. 
Chloritization apparently has nothing to do with sericitization 
for in no. 15 there is much sericite but very little chlorite. 

At and near the surface the're was some oxidation by meteoric 
waters with the development of chrysocolla as pointed out by Mr. 
Turner. 
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A ,study of the list of minerals on page 383 indicates a pro- 
gressive decrease of 'temperature from ordinary fusion perhaps 
through aqueo-igneous fusion to hydrothermal solutions and 
finally to cold surface waters. 

MAGMATIC ORIGIN OF THE PRIMARY ORES. 

The evidence presented in the preceding page leads to the con- 
Clusion that the primary ore-minerals (magnetite, hematite, chal- 
copyrite, and bornire) of the Engels deposit were formed toward 
.the close of the magmati c period by a partial replacement ,of the 
silicate minerals. ' Theabsence of distinct crystal outlines an, d the 

:•.. •::.:.•:.:.: •.:._-.. ---- -•• 

Fro. •o?. (No. •$.) Rim of chalcocite (c½) around bornite (b) and 
between bornite and sericite 

more or less hook-shaped anhedra of Fig. 94 suggests replacement. 
Notice the irregular character of the bornite in Fig. xo8. As ad- 
ditional evidence of this replacement figures Io8 to I Io are pre- 
sented. In Figs. Io8 and I Io the two parts of the feldspars f and 
f' extinguish together showing clearly that they each represent a 
single individual crystal. In Fig. xo9 the invasion of biotite by 
the ore-minerals is unmistakable. It is significant, however,' that 
ores usually occur around the silicates and only occasionally 
penetrate them. Biotite seems to be especially susceptible to 
replacement. 

About the only conceivable way in which the replacement of 
silicates by the ore minerals could have taken place and still leave 
the silicates unaltered is by means of gaseous solutions. The ore- 
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bearing solutions were probably rich in mineralizers. The most 
effective mineralizer was probably sulphur which 'was accom- 
panied by water as shown by the presence of hornblende, chlorite, 
and analcite. The presence of tourmaline in one slide and the 
occurrence of pegrnatites prove that mineralizers were active. 

FIGS. IO8 (No. xx), xo9 (No. xx), xxo (No. x6). The replacement of feldspars 
(f) and biotite (b), by ore materials (solid black). 

The reversal of the normal order of crystallization, i.e., the 
formation of the ore-minerals after most of the silicates were 

formed, was probably due to the presence of mineralizers. 
The introduction of the primary ores was accompanied by, or 

connected in some way with, a partial differentiation of the 
magma. The ores occur in norire-diorite, a rather basic igneous 
rock, yet .some of the rocks contain interstitial quartz and the 
richest primary ores are in rocks more acid than the average. 
The copper was probably extracted from a magma basin of the 
composition of norire. The extraction and consequent concen- 
tration of the copper as well as the accompanying differentiation 
was probably brought about by gases above the critical tempera- 
ture of water. The non-uniformity of the rocks and the varia- 
tion in grain can thus be accounted for. 

When the Engels ore deposit was first studied there was a 
tendency to separate it from the magmatic segregation type under 
the name magmatic extraction. This term, however, has been 
used by Geikie x in a different sense. De Launay • also uses an 

x ,, Field and Structural Geology," 2d edition, p. 268, I9o8. 
• "Gites Min•raux et M6tallif•res," Vol. I, pp. 22, 83, I9t3. 
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almost equivalent term "Gites de ddpart immidiat" for some of 
the magmatic sulphides. On closer study, it was realized that 
practically all the magmatic sulphide deposits are essentially 
of the type here described. • In the Sudbury, Varallo, Erteli, 
Sohland, Insizwa, and Little Namaqualand deposits the sulphides 
have been formed at a late magmatic stage by a partial replace- 
ment of the silicates. The introduction of the sulphides has 
usually been accompanied by the introduction of quartz and feld- 
spars. This is very marked at Sudbury where a norite' gradually 
passes into a micro-pegmatite. This explains why some authors, 
notably Dickson, •' have assigned an epigenetic origin to the Sud- 
bury ores. 

ASCENDING SECONDARY SULPHIDE ENRICHMENT. 

In a recent number of ECONOMIC GEOLOGY 8 the writer pro- 
posed the idea of secondary sulphide enrichment by ascending 
alkaline waters though it had been hinted at by Weed 4 some years 
ago. This paper was based upon a preliminary study of speci- 
mens from the Engels Mine. The evidence derived from a more 
complete study of both thin sections and polished sections tends 
to strengthen my belief in ascending sulphide enrichment. ' 

About ten rock or ore specimens show chalcocite or corellite, 
both of which minerals are undoubtedly formed at the expense 
of bornite by metasomatism. The development of these min- 
erals belongs to the' hydrothermal stage for the chalcocitization 
of the bornite was accompanied by sericitization, but not 
by kaolinization. For this and other reasons chalcocite en- 
richment in the Engels Mine is thought to be due to ascend- 
ing, rather than to descending, solutions, as sericite is one 
of the characteristic hydrothermal minerals. None of the geo- 
logical evidence presented by Mr. Turner controverts this view. 

• Prof. C. F. Tolman, Jr., and the writer have begun a study of the mag- 
matic sulphides and will welcome any specimens of magmatic ores or igneous 
rocks which show original sulphid minerals. 

• Trans. Am. Inst. Min. Eng., Vol. 34, p. 3, I9O4. 
8 Vol. VIII., pp. 78•-794, Dec., I913. 
4 Trans. Am. Inst. Min. Eng., Vol. 33, P. 747, •9o2. 

$ 
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while much of it tends to support it. That chalcocite may form 
from alkaline solutions is proved by experiments made by Prof. 
J. D. Clark workihg in the chemical laboratories of Stanford 
University. 

Out of ten or twelve specimens which contain covellite or chal- 
cocite only three (I5, 28, 39), according to Mr. Turner, have any 
evident connection with oxidation. Of the others four or five 
occur in no. 5 tunnel in the hard, dense rock well to the northeast 
of the faulted zone shown in Fig. 9•. Specimen no. •2, for 
example, according to Mr. Turner, is "primitive unoxidized ore. 
It does not occur along any seam which would permit the down- 
ward percolation of oxidizing waters." . 

In several slides studied by the writer there are a few opaque 
spots which may possibly contain kaolin, and there is an "iron 
stain" which is probably due to the hydration of hematite. But 
these are very minor occurrences, and, what is even more signifi- 
cant, they occur in specimens which contain little, or no, chalco- 
cite and are absent from the specimens which are richest in chal- 
cocite. The evidence of oxidation in specimens containing chal- 
cocite is no proof that descending enrichment took place, for the 
oxidation may have taken place after the ascending enrichment. 
The occurrence of rich chalcocite-bearing ores (nos. x 5 • and 39 • ) 
near seams along which there was some oxidation is no argu- 
ment in favor of downward enrichment for chalcocite also occurs 

in hard, dense rocks where there was no possibilit. y of oxidation. 
The intimate connection of chalcocitization with sericitization in 

the Engels Mine is, in my opinion, conclusive proof of secondary 
enrichment by ascending alkaline solutions. This may conven- 
iently be called sulphide enrichment in contradistinction to the 
term downward. 

x The ascent of hydrothermal solutions probably took place readily along 
the leached zone (Fig. 9x) and along seams (Fig. 92) but practically no 
chalcocite deposition took place except around bornite. This will explain the 
occurrence of 'these rich ores near post-mineral fractures (i.e., post-primary 
mineral fractures). 
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CONCLUSIONS. 

Two points which may be of importance in the general theory 
of ore-deposits have beeh broughi ou• in this 'paper. 

I. In ore-deposits of magmatic origin the sulphides may be 
formed during the very last stages of the magmatic period. 
: 2. Secondary changes in primary sulphide'minerals (especially 
copper sulphides) may 'be brought about by ascending 'alkaline 
waters, thus producing what may be called ascending (secondary) 
sulphide enrichment. 

These two points have been established by a careful microscopic 
study of the ores and rocks. The .microscope will undoubtedly 
play an important part in the future study of ores. 


